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Abst ract 

The low-cycle, creep-fatigue characteristics 
of the advanced gas turbine disk alloy, AF2-1DA 
have been determined at 1400°F and are presented 
in terms of the method of Strainrange Partitioning 
(SRP). The mean stresses which develop in the PC 
and CP type SRP cycles at the lowest inelastic 
strainiange were observed to influence the cyclic 
lives to a greater extent than the creep effects 
and hence interfered with a conventional inter- 
pretation of the results by SRP. A procedure is 
proposed for dealing with the mean stress effects 
on life which is compatible with SRP. 
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Tensile plasticity reversed by compressive 
plasticity 

Tensile creep reversed by compressive creep 
Tensile plasticity reversed by compressive 
creep 

Tensile creep reversed by compressive 
plasticity 

High rate strain cycling test (PP type cyclej 
High rate load cycling test (.PP type cycle) 
Balanced cyclic creep-rupture test (CC type 
cycle) 

Compre>^ve cyclic creep-rupture test (PC 
type cycle) 

Tensile cyclic creep-rupture test (CP t> 7 >e 
cycle) 

Cycles to failure 

Cycles to failure under lero mean stress 
Cycles to failure in presence of mean stress 
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Axial strain 
Elastic strainrange 
Inelastic strainrange 
Inelastic strainrange 
Inelastic strainrange 
Inelastic strainrange 
Inelastic strainrange 
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Mean stress 
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FatigU' strength coefficient 
Ultimate tensile strength 
0.2\ offset yield strength 
Fatigue strength exponent 
Transition function 
Creep-rupture ductility 
Tensile plastic ductility 
Ratio of amplitude to mean 
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'Materials Engineers 


Ve Ratio of mean strain to strain amplitude 

V(j Ratio of mc.-in stress to stress amplitude 

Effective value of V,, in presence of 
inelastic strains 


Introduction 

An increased interest has recently developed 
in the creep-tat igue crack initiation resistance 
of alloys for gas turbine disks. The interest is 
sparked by the steadily escalating use temperatures 
of disks, particularly ne.ir the rim in the blade 
root attachment area for high-performance military 
aircraft engines. Since disk alloys begin to 
experience entep deformation under high stresses 
at temperatures as low as dlOO to 1200°F, it is 
desirable that the creep-fatigue characteristics 
of such alloys be determined and made available for 
use in alloy selection and disk design. Early 
results of an evaluation of the high-temperature, 
creep-fatigue behavior of an advanceTl gas turbine 
disk alloy, AF2-1DA are presented herein. A high 
temperature of 1400°F was selected to accelerate 
the creep process and permit an experimental 
testing program to be conducted in a reasonably 
short period of time. It should be emphasized 
that this study is directed toward .ichieving an 
increased understanding of material behavior as 
opposed to the gei'eration of directly applicable 
design data. As such, it was convenient to 
exaggerate testing conditions beyond those ex- 
pected in service in order to accelerate the 
effects of the variables under investigation. To 
date, we have determined the creep-fatigue behavior 
in the high-strain, low-cycle regime only, .lore, 
the magnitude and type of the cyclic inelastic 
strainranges arc measured or controlled during 
testing and usually c:ui be regarded as the 
dominant life controlling variables. The method 
of Strainrange Partitioning (SRP) was used 
as the vehicle for interpreting the creep-fatigue 
characteristics. 

Since substantial mean stresses were involved 
in some of the creep- fat i guc cycles employed in 
this investigation, a considerable :unount of 
attention was given to assess their likely 
influence on cyclic life. Of particular concern 
is the simultaneous effect on cyclic life of two 
important factors, me.an stress and creep-fatigue 
interaction. Individually, these factors are 
known to have pronounced effects on cyclic life, 
but their combined influence is not well known. 

In this p.aper, we address these effects and have 
proposed a rationale for dealing with mean 
stresses in the presence of creep-fatigue inter- 
act ion. 


lixpcrimental Details 

The nuiterial acquired for this evaluation is 
the powder metallurgy product, GATORIZED AF2-1DA, 
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an advanced nickel-base superalloy developed for 
use in sas turbine disks. Processing and heat 
treataent infonaation is contained in Table 1. 


Table 1 Material processing details 

The aaterial was supplied to NASA in the fully 
heat treated condition by Pratt k Whitney Aircraft 
Group, Goveniaent Products Division, under con- 
tract No. NAS3-20947, 1978. A total of 3b pancakes 
were supplied Ip inch diu. by 5/8 inch thick). The 
all''y was prepared fru« powder confonaing to 
AMS-5855 both in density and particle site. The 
powder was canned and soaked for 8 hours at JOUO°F 
prior to extrusion, bxtrusions were cut to size 
and creep-foraied by the Gatorizing process at 
30S0°F into pancakes at a strain rate of S percent/ 
Min. The heat -t reatment was as follows: Heat 

fro* anbient to 2075°F in a vacuum and hold for 
45 ain. Then, heat froa 2075®F to JJOO®F at a 
rate of 1 deg/ain.; and hold at 2Ci)0®F for 1 hr. 
followed by an argon quench. The AMS-585b stabili- 
zation and precipitation heat-treat cycle con- 
sisted of the following: J050®F/i hr/AC ♦ 1300°F/ 

12 hr/AC ♦ 1500®F/8 hr/AC. 


Table 2 CCont'd) 


Stress-Rupture Properties 

Stress, Reduction 

ksl of Area % 


135.0 15.8 

130.0 14. b 

125.0 15.0 


Time to 
Rupture , hrs . 

1.1 
2.1 
19b. 1 


Conventional creep-rupture tests were conducted 
using furnace heating, whereas the tensile and 
fatigue tests were conducted in closed-loop, servo- 
controlled, electro-hydraulic testing aachines 
using direct -resistance heating of the specimen. 

In these latter tests, the 'cp<'rtcd test tempera- 
ture was monitored using an optical pyrometer 
aisM^d at the hottest point on the specimen (at the 
minimum diaMter). Feedback control for the 
temperature was accomplished with the aid of a 
thermocouple spot -welded directly to the specimen 
surface at a point removed from the minimum 
diameter. A diametral extensoaeter was used to 
measure the strains in the tensile and fatigue 
tests. Further details of the testing facility 
and procedures have been described by Hirschberg. 


Pancakes, b inches in diameter by 5/8 inches thick, 
were used to make hour glass shaped test specimens. 
Seven specimens were cut from each pancake in 
accordance with the layout and dimensions shown 
in Figure 1. 



(a) Layout 


(b) Specljnen 


Fig. 1 - Specimen Layout and Dimensions. 


These specimens were used for tensile, creep- 
rupture, and fatigue tests. Tensile and creep- 
rupture results arc suiwBarized in Table 2. 


The basic low-cycle, creep-fatigue tests were 
performed in strict accordance with the guidelines 
set forth by Hirschberg and Halford ' for the 
evaluation of the SRP characteristics of an alloy. 
These tests were conducted using completely re- 
versed strain cycles. Schematic stress-strain 
hysteresis loops are shown in Figure 2 for the 
types of cycles used in conducting the tests to 
establish the SRP life rel-st ionships. 


» a 



Table 2 Mechanical properties of 
AF2-1DA at 1400®F 


Tensile Properties 

Elastic Modulus 
Yield Strength 10.2\ offset) 
Ultiute Tensile Strength 
Reduction of Area 


« 25 X 10^ ksi 
■ 123.4 ksi 
« 163.7 ksi 
• 22 . 3 \ 


Fig. 2 - Idealized Hysteresis Loops for the 
Four Basic Types of SRP Cycl'is. 


The strain-controlled PP type test cycles were 
applied using a sinusoidal strain versus time 
waveform at a frequency of 0.5 Hz. In analyzing 
the results of the PP type tests, it was assumed 
that the imposed strain rates were high enough 
to preclude the occurrence of creep strain, thus 


OnOINAL PAGE » 
OF POOK QUALITY 




producing inelastic strains that could be classi- 
fied as plasticity. For the PT, CP, and CC type 
cycles, the creep strain was inposed by controlling 
the load on the speciswn at a constant value until 
the desired creep strain limit was reached, where- 
upon, the loading direction was reversed and the 
other half of the cycle was imposed. If it was 
desired to impose creep strain in this portion of 
the cycle, the load was again held at a constant 
value until the desired opposite creep strain limit 
was attained, or if plasticity was desired, the 
specimen was rapid’ y loaded until the opposite 
strain limit was reached. 

Additional tests were conducted to investigate 
the effects of mean stresses. Some tests were 
strain controlled, while others were load con- 
trolled. All were conducted at a frequency of 
0.5 H: using a sine wave. 


Basic SRP Results 

The high-temperature, low-cyc le, creep-fat igue 
results from the basic SRP type tests arc docu- 
mented fully in Table 3a. In this paper, the 
reau s arc interpreted only in terms of the SRP 
approach to high-temperature creep-fatigue crack 
initiation, although alternate approaches, such 
as the Time- and Cycle-Fraction Rule Frequency 
Modification , iiamage Rate , etc., could be 
applied if so desired based upon the information 
documented in the tables. The inelastic strain- 
range is plotted against cyclic life for all four 
types of tests in Figure 3. This is simply a dis- 
play of the raw data. 



Cycles to Failure 


Pig. 3 - Inelastic Stralnrange-Llfe Results for AFi!-lDA 
at l*00°r, Vj - 0. 

It is seen that there is a relatively small in- 
fluence of the type of test on the cyclic life at 
inelastic strainrange alnive O.OOl, whereas below 
this level, the PC type tests exhibit significantly 
lower lives than the other types. Furthermore, 
the CH type tests appear to have lives that are 
not appreciably different from those of the I'P type 
tests, although, the data generated to date are 
sparce. These two observations are similar to 
previous findings for the nickel -base supcralloys 


reported by a number of investigators in a recent^ 
NATO/AGARD Symposium on Strainrange Partitioning , 
but are opposite to the behavior noted for lower 
strength, higher ductility alloys, notably the 
austenitic stainless steels Suggestions as to 
why the PC cycling is more severe than the CP were 
discussed briefly at the NATO/AGARD Symposium. 

The PP life relation is shown in Figure 4 as a 
straight line dr,awn throug!i the PP inelastic 
strainrange-cyclic life results. 



The same 0.5 H: tests provided the necessary in- 
formation to construct the stress range-cyclic 
life and the cyclic stress-strain relations shown 
in Figures 5 and 6, respectively. 



Ftg. 3 - Scran Ranga-Ltfa Relation for AF2-1DA at 
U00 “f, 0.5 Hi. - 0. 
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fl*. 6 - Cyclic Screts-Straln Curve for AF2-1DA at 
1*00 "f, 0.5 Hz. - 0. 


Establishment of the SRP inelastic strainrangc- 
cyclic life relations for CC, CP^ and PC was 
acc|>mplishcd by adhering strictly to the validity 
criteria and procedures presejibed in Reference 3. 
Thebe relations represent the behavior oho would 
expect if it were possible to conduct tests with 
pure CC, CP, and PC inelastic strainranges, i.e., 
no time-independent plastic strain present in 
either the tensile or compressive halves of the 
cycle for the CC type tests, and none in the 

half or none in the compressive half for 
the CP and PC types of cycles, respectively. The 
hysteresis loops one might c.xpect from such 
idealized tests are those shown in Figure 2. 

Since these conditions could only be approached 
in extremely long time tests, it was considered 
desirable to conduct shorter time tests and iisc a 
damage rule to separate analytically the unwanted 
effects of the damage done by the PP strainrange 
component . 


The four basic SRP life relations 

so established 

arc displayed 
follows: 

in 

Figure 7 and can be 

expressed as 

^pp 

= 

0.083(Nppr‘’'^" 

0) 


= 

0.088(N^^) 

(2) 

dCcp 

= 

0.056(N^p)'®'^‘^ 

C3) 

, ^"PC 

= 

0.754(N,,^.)-^-"^ 

C4) 


The slope of the PC life relation is much; steeper 
than that for the other rcJiitioiis, and is steeper 
than any we have observed for buy alloy^ The 
coefficient of 0.754 is nearly an order of magni- 
tude larger than the other coefficients and is even 
three times as great as the tonsilc ductility (see 
Table 2), Ihc PC tost points responsible for the 
extreme steepness of the slope and the resultant 
increase in the coefficient are the ones at in- 
elastic strainpngc levels of less than 0.001, and 
for which tensile mean stresses are present. 



Tig. 7 - SRP Life Relaclona Obtained Without Conalder- 
tlon of Mean Stress Effects, AF2-1DA at 
1400°F and “ 0, 

! 

jThe question therefore arises as to whether or 
not these mean stresses arc responsible for the 
low observed lives and the steep slope of this 
line. There is also the much broader question as 
to the influence of mean stress in the presence 
of cyclic inelastic strain, especially when the 
me,an stresses are a natural result of the in- 
elastic constitutive behavior of the material. 

In fact, if there were no inelastic strains pre- 
sent in these tests * there would be no mean 
stresses generated since the total strainranges 
are completely reversed about a zero mean strain. 

In an attempt to answer the questions posed above, 
a supplementary mean stress testing program was 
initiated, the pl.anning and results of which are 
described in the following section. 


Mean Stress Considemtions 
Elastic Behavior 

Consideration of the presence of .ind the 
effect on cyclic life of mean stresses Is usually 
associated with nominally clastic loading condi- 
tions .such as found In the high-cycle fatigue 
regime. The effect of mean stress on endurance 
limits has been a matter of practical concern for 
nearly a century, and numerous mean stress- 
alternating stress equations have been proposed. 
Names such as Goodman, Gerber, and Soderberg are 
prevalent in the high-cycle fatigue literature of 
the past. More recently, MorrowlO proposed an 
approach that retained the simplicity of the 
Goodman diagram while more accurately representing 
the available data. In the present paper, we have 
adopted the Morrow concept as a basis for studying 
mean stress effects. However, we have taken the 
liberty of writing the basic mean stress-alter- 
nating stress-fatigue life equation in terms of 
cycles to failure, Nf, rather than reversals to 
failure 2Nf. Hence, the mean stress fatigue 
equation is written as: 
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■V, . - oj 


-h 


(51 


From Figure 5, the value of b is 0.10 an«l Of' « 
245 ksi for .•« « 0. Ixpressing liquation (5) in 
teras of the stress .uipl ituvle , we have, 


1243 - 




-0. 10 


(5a) 


/. /\ 

' d 

- 

' msx. 

ia • 2o^ 

i ' 

_ i Tta# 
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" ■ ‘ d-A)/(l*A) ‘ (V-1)/(V*1) 


This equation is lalK'leO as the Nhirros equation in 
Figure 8 where a comparison can be Jrawn with the 
('•ooJman line for a cyclic life of 10^. For refer- 
ence purposes, the locus of the static 0.2« off- 
set yield strength is also shown. 


A - - (l-R)/(l*R) - 1/V 

d r: 

V - - - (1*R)'(1-R) - 1/A 

m «i • 





rig. 8 - Theoretical Alternating-Mean Stress Diagrams 
for AF2-1DA at 1^00°F. Curves Shown for 10^ 
Cycles to Failure. 


R.A. and V 



Lines radiating from the origin of the figure repri>- 
sent ■-•onstant ratios of the mean-to-alternating 
stress, Vj. The quantity V i ■. simply the inverse 
of the familar A ratio commonly used to describe 
states of mean stress. Use of the term V in this 
paper is preferable to either of the more commonly 
used A or R ratios since V is more directly 
associated with the mean stress. It carries the 
same sign as the mean stress, is zero when the 
mean stress is zero, and as the mean stress in- 
creases, V increases in direct proportion. The 
definitions of and interrelationships between V, 

A, and R are shown in Figure 

A useful expression can be derived from 
Equation (5) which can he used in dealing with mean 
stress effects. Consider two elastic loading condi- 
tions for which the alternating stress amplitudes 
(or stress r.mges) are identical. In one, let the 
mean stress be zero and the corresponding life be 
labeled Nfo- In the other, a tensile or compres- 
sive mean stress is assumed present and the 
corresponding life is design. ited Nfm- 

Then, • (o/ - (.5b) 

and o., . 0 ,.’ (5c) 


Fig. 9 - Relation* Between Mean Stress Parameters. 


I 

Solving for 
into (5b), and 


from Equation (5c), substituting 
further recognizing that 


a • fO 


-Vo ) 
o a f m 


(b) 


By cancelling 



and rearranging terras, we arrive 



V 


o 


(7) 


l.quat ion (7) expresses the conclusion that the only 
material property needed to relate cyclic life with 
and without a mean stress is the slope of the 
stress .implitiide (or range I versus life curve. 

In Morrow's terminology, this material property 
is called the "fatigue strength exponent". 

The potential use for Equation (7) may be 
greater than implied by the assumptions. For 
example, if the presence of a me.an stress does not 
alter the cyclic stress-strain relation, then the 
assumption of equal stress amplitudes would also 
imply equal st rainranges . Thus, Equation (7) 
could possibly be used for inelastic strain cycling 
conditions. This aspect will be explored in a 
subsequent section. 
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, The load controlled (HRLC) mean stress fatigue 
life data listed in Table 3b were generated for 
the purpose of evaluating the validity of Equation 
(7) . Rather than trying to predict the lives of 
the tests with different mean stresses, we took 
the reverse approach in which the observed lives 
wiih mean stresses, Nfg, were used along with the 
meim stress ratio to calculate the life that 
wo^ld have existed without the mean stresses pre- 
sent-. In this way, all of the mean stress results 
could be superimposed on the zero mean stress 
fatigue curve lla ken from Figure 5. The results 
are shown in Figure 10 where it is seen that 
Eqiliation (7} has been able to successfully collapse 
the mean stress results onto the original zero mean 
stress fatigue curve. 



FI*. lO - Mean Strreas Fatigue Results Corrected to a 
: Zero Mean Stress Condition, AF2-1DA “it 1400®? 


Having thus verified the validity of Equation (7) 
for the nominally elastic loading conditions con- 
sidered, we can now investigate its applicability 
to eye, “Ing conditions involving more significant 
amounts of inelastic strain per cycle. 


previously established in Figure 4 docs indeed show 
an effect on life due to the retained mean stress 
even though some inelastic strain is present. 
Further documentation of the above observations 
can be found in the 1200 *’f results obtained with 
CAtORlZED lN-100 reported by VanNanderham, Wallace, 
and An.nis They conducted continuous strain 
; cycling fatigue tests with Vg = +1.0 and found that 
the initially induced mean stresses would wash-out 
to essentially zero if the straining level was 
large enough, but at lower strains, a significant 
portion of the tensile mean stress could be re- 
tained. Figure 11 displays the results for both 
GATOKIZED alloys. A strain level of (Aeju/ACel) = 
0.10 represents the demarcation point above which 
mean stresses need not be considered, and below 
which, they must. 



O.Ot 0.1 ,1.0 


, Strain Level 

Fig. 11 - Effect of Strain Level on Ability of Materials 
to Retain or Wash-out Mean Stresses During 
Non-Rcvcrsed Cuitlnuous Strain Cycling. 


Inelastic Behavior 

: Moan stresses may e.xert significant Influences 
onicyclic life in the high-cycle, nominally clastic 
fatigue regime, but it would seem highly unlikely 
that similar effects could be carried over into the 
low-cycle, highly inelastic fatigue regime. Here, 
it|is not even possible to sustain mean stresses 
except under very specialized conditions, such as, 
for example, those encountered in the CP and PC 
types of SRP test cycles shown in Figure 2. Thus, 
we will assume the existence of some straining 
level below which mean stresses will exert their 
full influence as indicated by Equation (7), but 
above which their influence is washed-out by the 
presence of cyclic inelastic deformation. A 
logical choice for this level of straining is the 
point for which the inelastic strains arc large 
enough that mean stresses cannot be sustained 
during continuous strain cycling. As a measure of 
the straining level, we have selected the ratio of 
the inelastic to the elastic strainranges, although 
it is recognized that other possible choices exist. 
An examination of the results in Table 3b for the 
three HRSC tests Cwhich were conducted with mean 
strain ratios, Vg , of either +1.0 or -1.0) shows 
that if the straining level (Aein/AEgj) , is above 
approximately 0.1, the mean stress is washed out. 

If it is below, some of the Initially induced mean 
stress is retained. A comparison of the observed 
lives of these tests with the PP life relation 


Rather than apply an abrupt step-function to 
the stress ratio in Equation (7) as the strain 
level passes through the 0.1 demarcation point, it 
w.as deemed adviseablc to provide for a smooth, but 
: nevertheless rapid, transition using a fimetion 
which we shall call k. The selection of this 
function is somewhat arbitrary -- the important 
aspect being to provide a smooth transition that 
goes between zero and unity within a relatively 
narrow r.ange of the demarcation point. The 
selected function is shown in Figure 12, We can 
i now return to Equation (7), and substitute Vgff 
for V(j, whore Vgff = k V(j , 


then, 






Equation (8) is thus assumed to reflect the 
mitigating influence of cyclic inelastic strains 
on the effectiveness of mean stresses, at least 
for continuous strain cycling conditions. 

Zero Moan Stress SRP Results 

Equation (8) was applied directly to the basic 
SRP data presented at the beginning of this paper 
in an attempt to derive a Set of SRP life relations 
that represent a hypothetical zero mean stress 
condition. The first step was to use Equation (8) 
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to calculate the value of Njo for each of the basic 
SU* testa listed in Table S usins the tabulated 
values o£ V, ^in>^el* ^ case, equal 

to N|^). 



Level. 


Fi*. 12 - Transition Function Used to Relate the 
Effective and Actual Mean Stress Ratios. 


i 

Once NfQ was known, it was treated as if it were 
an experimentally determined life. From that point 
on, I the procedures for establishing the CC, CP, 
and PC Inelastic SRP life relationships were 
exactly the sane as used earlier in this paper. 

The results of these calculations are the set of 
SRP life relations shown in Figure 13 that repre- 
sent a condition of zero mean stress. 



Cycles to Failure 


Fig. 13 - S>F Life Relations Corrected to a Zero Mean 
Stress Condition, AF2-1DA at 1400°F. 


The aquations of the straight lines are listed 
belou: 

ACpp » 0. 083 (Npp)‘®'*“ (unchanged) (9) 

AEj.j, • 0.083(N^j,)‘®-*“ (10) 

ACpj, = 0.063(Npj,)'®-^® (11) 

ACj,p - 0.049(Nj.p)‘°-^“ (12) 

The slopes and coefficients of the above equations 
agroe more closely with our previous experience 
With other alloys than do the slopes and coef- 
ficients for the life relationships presented 
earlier in the paper and for which mean stresses 
were totally ignored. Our previous experience is 
reflected by the Ductility Normalized (DN)-SRP 
life relations These relationships were deter- 
nined from a correlation among a large body of 
neapured SRP ^^^a (for which mean stress effects 
were essentiaily absent as discussed earlier) and 
tensile plastic ductility (Dp) and creep-rupture 
ductility (D^) for the specific materials involved. 
The reader should consult reference 12 for further 
details of the DN-SRP equations. 

The slope used in all of the DN-SRP equations 
is >0.60, just as we found in the present study, 
the coefficients in the DN-SRP equations are a 
faction of Dp for the PP and PC life relations, 
whereas: a function of Dq is used for the CC and 
CP life, relations. Dp and can be computed from 
the percent reduction of area values listed in 
'Table 2: Dp x o.2S2 and Dq = 0.163. 

The DN-SRP equations evaluated for GatoriZed 


AF2-1DA at 1400®F are thus: 

ACpp = 0.126(Npp)'°-^° (13) 

= 0.084(Nj,j.)'°-^° (14) 

AEpj, = 0.063(Npp)’°-^° (15) 

AEj,p = 0.069 CN(,p)‘°*^°(trans- (16) 

granular cracks) 

or Ae^p = 0.034(Nj,p)'°-®°(inter- (16a) 

granular cracks) 


A icomparison of the DN-SRP equations with the zero 
mean stress SRP equations shows some remarkable 
similarities. In fact, the PC life relation, 
which involved the greatest mean stress correction, 
is identical for the two cases. Although this is 
only circumstantial evidence, it does support the 
notion that the mean stresses have been appro- 
priately accounted for by Equation (8). 

An important point to keep in mind when 
applying the zero mean stress SRP. life relations 
to the life prediction of a general inelastic 
strain cycle is the order of accounting for creep- 
fatigue effects and mean stress effects. The 
order is crucial, and requires as the first step 
that the conventional SRP analysis be performed 
and a cyclic life thereby predicted. This life 
represents the Nfo life. If the, cycle under 
analysis has a mean stress present, its effect 
is deieralned from the value of k and the 




to calculate the value of N^q for each of the basic 
SRP tests listed in Table 3 using the tabulated 
values of V, and Nf (in this case, equal 

to Nft,). 



(Ac, /Ac Strain Level 
in c 1 


ris- 12 - Transition Function Used to Relate the 

Effective and Actual Mean Stress Ratios. 


Once NfQ was known, it was treated as if it were 
an experisientally detemined life. From that point 
on, the procedures for establishing the CC, CP, 
and PC inelastic SRP life relationships were 
exactly the sane as used earlier in this paper. 

The results of these calculations are the set of 
SRP life relations shown in Figure 13 that repre- 
sent a condition of zero mean stress. 



Cycles to Failure 


Pli. 13 - SRP Life Relations Corrected to a Zero Meen 
Stress Condition, AF2-1DA at 1400°F. 


The equations of the straight lines are listed 
below: 


Af ■ 

“pp 

0.083(Npp) ’®’**®(unchanged) 

(9) 

^cc ‘ 

0.083(Nj.j.)’®**“ 

(10) 


. -0.60 


"‘pc * 

0.063(Np^.) 

(11) 

"‘CP * 

0.049(N^,p)*‘’-*’“ 

(12) 


The slopes and coefficients of the above equations 
agree anre closely with our previous experience 
with other alloys than do the slopes and coef- 
ficients for the life relationships presented 
earlier in the paper and for which s»an stresses 
were totally ignored. Our previous experience is 
reflected by the.^Ductility Nonsalized (DN)-SRP 
life relations '*. These relationships were deter- 
■ined from a correlation asK>ng a large body of 
measured SRP { ta (for which mean stress effects 
were essent i.tl ly absent as dis.'ussed earlier) .and 
tensile plastic ductility (Dp) and creep-rupture 
ductility (Dc) for the specific materials involved. 
The reader should consult reference 12 for further 
details of the DN-SRP equations. 

The slope used in all of the DN-SRP equations 
is -O.bO, just as we found in the present study. 

The coefficients in the DN-SRP equations are a 
fjnetion of Dp for the PP and PC life relations, 
whereas a function of D(^ is used for the CC and 
CP life relations. Dp and D(< can be computed from 
the percent reduction of area values listed in 
Table 2: Up • 0.252 and Dj; « 0.163. 

The DN-SRP equations evaluated for Gatorized 


AF2-1DA at 1400°F are thus: 

^pp . 0.126{Npp)-"-‘'“ (13) 

. 0.084(Nj,^.)'°-‘’° (14) 

Acp^, - 0.063(Npj,)‘°-^° (15) 

*\Lj,p » 0.069(Nj,p)'°-^°(trans- (16) 

granular cracks) 

or Ac^p . 0.034 (Nj,p)‘“'^°(inter- (16a) 


granular cracks) 

A comparison of the DN-SRP equations with the zero 
mean stress SRP equations shows some remarkable 
similarities. In fact, the PC life relation, 
which involved the greatest mean stress correction, 
is identical for the two cases. Although this is 
only circumstantial evidence, it does support the 
notion that the mean stresses have been appro- 
priately accounted for by Equation (8). 

An important point to keep in mind when 
applying the zero mean stress SRP life relations 
to the life prediction of a general inelastic 
strain cycle is the order of accounting for creep- 
fatigue effects and mean stress effects. The 
order is crucial, and requires as the first step 
that the conventional SRP analysis be performed 
and a cyclic life thereby predicted. This life 
represents the Nfo life. If the cycle under 
analysis has a mean stress present, its effect 
is determined from the value of k and the 
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resultant V^ff is used to iletenainc the life Nf^, 
which represents the predicted life for the cycle 
in question. Note that the reverse order of cal- 
culations was used when raw data were analyzed for 
the purpose of establishing a zero wean stress SRP 
life relation. 

At least one other investigator has indirectly 
considered the effects of wean stress in the creep- 
fatigue regine. In Ostergren's approach the 
peak tensile stress appears in a revised fcisi of 
Coffin's Frequency Modified liquation However, 
there is no one-to-one correspondence between mean 
stress and peak tensile stress in the creep-fatigue 
regine, so it is difficult to compare the current 
approach with that of Ostergren. The data pre- 
sented in Table 3 are, however, amenable to analysis 
by the Ostergren .-ippro.ich. 

A paper dealing with a novel approach to the 
problem of mean stress effects in gas turbine disks 
has been presented recently by Cruse and Meyer 
However, this paper does not delve into the high- 
temperature creep- fat igue aspects of the problem, 
nor is consideration given to the application of 
the approach to conditions involving measurable 
cyclic inelastic deformations. 


Sunanary and Concluding RemarKs 

In the process of evaluating the high-tempera- 
ture, low-cycle, creep-fatigue behavior of the 
alloy AF2-1DA, mean stress effects were encountered, 
which under certain conditions were of greater 
iiq>ortance in governing cyclic life than the 
simultaneously imposed creep effects. The method 
of SRP was used to represent the creep-fatigue 
effects. 

A procedure was proposed for dealing with the 
mean stress effects prior to the determination of 
the SRP characteristics. Such a procedure re- 
sulted in a set of SRP life relations representa- 
tive of a zero mean stress condition. In applying 
these relations to the life prediction of a general 
creep-fatigue cycle, the conventional SRP life 
analysis procedures can thus be followed and the 
life calculated. That life is then adjusted 
through the use of Equation (8) to reflect the 
effect of the mean stress present in the cycle 
of interest. 

The analysis for dealing with mean stresses 
proposed in this paper is based upon limited data, 
and as more information becomes available, refine- 
ments or simplifications may well result. For 
example, the particular form selected for the 
transition function k, and the location of the 
strain level demarcation point (above which mean 
stress effects are unimportant) may be different 
for other materials or conditions. However, the 
basic concept appears to be sound. 

It is recognized th.'>t there is still a need to 
consider other aspects jf mean stress effects in 
high-temperature, creep-fatigue problems. This is 
especially true for thermal fatigue cycling during 
which the temperature dependent modulus and tempera- 
ture dependent yield strength will invariably pro- 
duce mean stresses. The effect of these mean 
stresses is questionable, not only in the inelastic 
cycling regime, but also in the totally elastic 


regime. It would seem at this time that mean 
effects in thermal fatigue could better be des- 
cribed in terms of the mean elastic strains 
than in terms of the mean stresses. These two 
terms differ because the sndulus of elasticity is 
a function of temperature. For the isothermal 
conditions considered in the present investigation, 
however, the two terms are identical. 
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